Background and Purpose: Transcranial Doppler ultrasound can detect circulating cerebral emboli. Monitoring of patients with potential embolic sources may allow identification of high-risk patients who can then be selected for prophylactic treatment. However, practical patient monitoring will require automated programs that can detect emboli and differentiate them from artifact.
R ecently it has been suggested that circulating solid emboli can be detected in the human cerebral circulation using transcranial Deppler ultrasound.' Experimental studies have demonstrated that in ViVO2 and in vitro,3 solid emboli result in short-duration, high-intensity signals superimposed on the Doppler spectrum. Similar signals have been reported in patients with carotid stenosis,4 cardiac valvular disease,5 and recent stroke with atrial fibrillation.6 This technique may provide a very powerful new diagnostic test. Although detection of potential sources of emboli is possible in some patients, the ability to detect circulating cerebral emboli would represent a major advance in determining the cause of stroke in individual patients. In patients with stroke and more than one embolic source, such as atrial fibrillation and a unilateral carotid stenosis, recording from different sites would allow determination of which source is actively embolizing. Furthermore, the ability to detect asymptomatic circulating cerebral emboli might allow the selection of patients who are at highest risk of subsequent stroke and who would particularly benefit from preventative treatment. Recent trials have demonstrated that prevention of stroke is possible in patients with a variety of potential embolic sources, such as carotid stenosis78 and atrial fibrillation9; however, a large number of individuals need to be treated to prevent each stroke. For example, 40 patients with atrial fibrillation need to be anticoagulated with warfarin for 1 year to prevent one stroke. 10 The embolic signals reported so far have been clinically asymptomatic, but it is reasonable to assume that such events are markers of an embolic source with the potential to also produce larger symptomatic emboli.
Visually Early automatic detection devices detected a sudden increase in intensity of the returned signal1"; however, this does not differentiate artifact from embolus. Artifacts appear as bidirectional signals with maximum intensity at the lower frequencies and an increased intensity spread over a wide range of frequencies ( Fig   1C and 1D) .l In contrast, emboli result in an increase in intensity that is focused on a small band of frequencies in the Doppler spectrum, resulting in a bell-shaped distribution (Fig 1B) . In this study we have tested a new automated off-line embolus recognition algorithm (EME Ltd, Uberlingen, Germany). This is programmed to detect the characteristic bell-shaped increase in the relative power amplitude (RPA) occurring with an embolus, and it differentiates this characteristic power increase from that resulting from an artifact.12 The latter is achieved by detecting the usually symmetrically bidirectional low-frequency intensity increase typically produced by artifact. For each possible embolic signal an embolus probability score (in arbitrary units) is produced. A typical unidirectional embolic signal results in a positive embolus probability score; the higher the score, the more likely the signal is to represent an idealized embolic signal. However, the algorithm is designed to assign a low or negative score to the bidirectional intensity increase seen with artifact. We have determined the sensitivity and specificity of One hundred twenty emboli were studied (64 thrombi, 28 platelet aggregates, and 28 atheroma emboli). Seventy-nine were insonated via the distal carotid route and 31 by the transorbital route. The passage of 43 of the emboli was accompanied by a very intense signal, which led to receiver overload and a broad spread of spectral frequencies. This pattern is identical to that produced by electrical interference or very intense artifact (Fig 1) , and therefore these were not included in the analysis. In clinical practice this is not a major problem because the signals commonly recorded in humans associated with solid emboli are less intense (see "Discussion"). Seventy-seven emboli (34 thrombus, 21 platelet, and 22 atheroma) resulted in signals that did not overload the receiver, and these were included in the subsequent analysis; mean+SD size was 1.77±+1.38 mm.
We also studied 100 episodes of artifact produced by tapping the probe. The normal variations in intensity and embolus probability score in the absence of emboli or artifact were also studied by analyzing the frequency spectrum of 205 time frames free of abnormal signals, either artifact or embolic. For each of these frames the maximum RPA and the embolus probability score were recorded.
Human Studies
We studied three patients in whom multiple shortin place. Heparinized saline (1000 U/L) was continu- 
Results

Experimental Validation
Emboli resulted in a short-duration, high-intensity signal. The mean±SD intensity increase was higher with emboli (9.91±1.51 dB; range, 3.67 to 11.73) than with artifact (8.43±1.01 dB; range, 4.77 to 9.38; P<.0001). However, there was a great overlap between the intensity increase associated with artifact and embolus (Fig 2) ; therefore, intensity increase is not a useful parameter to distinguish between the two. In contrast, the embolus probability score differentiated between embolus and artifact. Mean±SD score was 79.39±32.95 units for emboli, and -7±16.77 units for artifact (P<.0001). The score with emboli was also significantly greater than that in the absence of emboli and artifact (1.02±2.53 units; P<.0001). The distribution of emboli scores for emboli, artifact, and in the absence of the two is shown in Fig 3. The algorithm differentiated emboli from artifact with a sensitivity of 98.7% and specificity of 98.0% using a cutoff of 30 units; increasing the cutoff to 40 increased the specificity to 100% at the expense of a sensitivity of 93.5%. It differentiated emboli from normal fluctuations in intensity in the absence of emboli or artifact with a specificity of 100%, using the cutoff of 30 units. Embolus probability score (units) FIG 3. Experimental study in sheep model. Distribution of embolus probability scores generated by the embolus detection algorithm for emboli (n=77), artifact (n=100), and during normal fluctuations in signal intensity occurring in the absence of embolic signals and artifact (n=205 time frames).
Human Studies
We analyzed 100 presumed embolic signals; 10 occurred in the patient with carotid stenosis and 71 and 19, respectively, in the two patients with prosthetic cardiac valves. The recording period in each patient was 20 minutes. All fulfilled the criteria for emboli as short-duration, highintensity signals as previously described. 12 The mean±SD intensity increase associated with an embolic signal was 9.00+0.88 dB and with artifact was 8.27+1.84 dB (P=.0058). However, the distribution of values for emboli and artifact again overlapped (Fig 4) , making intensity increase alone unable to distinguish between the two. The mean embolus probability score was 93.8±53.22 units for embolic signals, -10.63+ 17.40 units for artifact, and 2.98+2.91 units in the absence of emboli or artifact. The embolus probability score was significantly higher for embolic signals than for artifact (P<.0001) or for signals in the absence of embolus or 
